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ABSTRACT 
Epidermal cells from adult guinea pig skin attach and differentiate preferentially 
on  substrates of type  IV (basement membrane)  collagen, compared to those of 
types I-III collagen. In contrast, guinea pig dermal fibroblasts attach equally well 
to all four collagen substrates. Fibronectin mediates the attachment of fibroblasts 
but not of epidermal cells to collagen. 
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Several chemically and genetically distinct colla- 
gens are found in mammalian species. Types I and 
III collagen are widely distributed (14). Type II 
collagen is found only in cartilage (13) and type 
IV in basement membranes (9). The matrices that 
these  collagens  form  differ  in  appearance  and 
physical  characteristics.  Collagen  substrates  en- 
hance the attachment (10), growth (2), and differ- 
entiation (5) of various cell types. Such observa- 
tions  suggest  that  the  interaction  of  cells  with 
collagen may  have  important  functions  in  vivo. 
Some clue to the mechanism(s) operative in this 
interaction  came  from  recent  studies  (10,  11) 
which indicate that fibroblasts do not bind directly 
to collagen substrates but that  a  membrane  pro- 
tein  (the  collagen-cen  attachment  protein)  me- 
diates  the  attachment  of  cells  to  collagen  sub- 
strates.  This  protein  (or  proteins)  is  similar or 
identical to CSP (23), LETS protein (7) and cold 
insoluble globulin (15,  19), and has been named 
fibronectin  (18).  Fetal  calf  serum  used  in  cell 
culture is a rich source of fibronectin (10). 
It seemed  conceivable to  us that  collagen-cell 
interactions depend not only on mediator proteins 
but also on either the chemical characteristics of 
the  collagen  substrate  or  on  the  nature  of the 
attaching cell. To  test this hypothesis, we  com- 
pared the attachment of two functionally diverse 
cell types, fibroblasts and epidermal cells, to var- 
ious collagen substrates and their dependence on 
fibronectin for  the  mediation of attachment.  In 
contrast to fibroblasts, epidermal cells from post- 
embryonic animals are difficult to culture in vitro 
unless conditioned media and collagen substrates 
(8) or feeder layers of fibroblasts (17)  are used. 
We  show  here  that  epidermal cells  differ from 
fibroblasts in  their  attachment  to  collagen sub- 
strates and that epidermal cells attach best to type 
IV collagen whereas fibroblasts attach equally well 
to all collagen types. Further, we demonstrate that 
fibronectin enhances the attachment of fibroblasts 
to  collagen  but  does  not  affect  epidermal  cell 
attachment. 
MATERIALS  AND  METHODS 
Collagen Substrates 
Type  I  collagen  was  prepared  from  the  skins  of 
lathyritic rats (1), type II from  a rat chondrosarcoma 
(20), type III from fetal calf skin (4), and type IV from 
a murine sarcoma (16, 22). The purity and identity to 
standards  of these  collagens was confn'med by sodium 
dodecyl sulfate (SDS) gel electrophoresis (12) and amino 
acid analysis. The various collagens (1 mg/ml in 0.5 M 
acetic acid) were stored at -20"C. To study the attach- 
ment of cells, the stock solutions of collagen were diluted 
to 10 /~g/ml with water, and 1 ml of this solution  was 
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197 added to a  35  ￿  10 mm  bacteriological dish (Falcon, 
Becton, Dickinson &  Co.,  Cockeysville,  Md.)  and al- 
lowed to dry in air at room temperature. For long-term 
culture of cells, the dishes were coated with 100/xg of 
collagen and sterilized by exposure to ultraviolet light for 
12h. 
Cells 
Adult guinea pig dermal fibroblasts (provided by L. 
Wahl, National Institute of Dental Research) were ob- 
tained  from  outgrowths  of  dermal  explants grown  in 
Dulbecco Vogt's medium supplemented with 10% fetal 
calf serum and were cultured in the same medium in T- 
75 flasks. For use in attachment assays, fibroblasts were 
removed from the flasks with a solution of 0.1% trypsin 
and  0.1%  EDTA  in  0.15  M  NaC1,  0.02  M  sodium 
phosphate, pH 7.4 (phosphate-buffered saline), washed 
and resuspended in Eagle's Minimal Essential Medium 
(MEM). 
Epidermal  cell  suspensions  were  obtained  by  the 
method of Stingl et al. (21). Keratome sections of guinea 
pig  skin  were  floated  on  0.5%  trypsin  in  phosphate- 
buffered saline for 90 min at 37~  Dermis and epider- 
mis were separated with fine forceps, and the epidermis 
was agitated with a glass rod in TC 199 medium contain- 
ing 20% fetal calf serum to disperse the cells. Cells were 
centrifuged,  washed  twice,  and  suspended  in  MEM 
without  serum.  Viabilities were  in  excess  of  90%  as 
measured by trypan blue exclusion. 
Attachment Assays 
Collagen-coated bacteriological dishes were preincu- 
bated  for  1  h  at  37~  with  1  ml  of  Eagle's  MEM 
containing 200  /zg/ml serum albumin, in the presence 
(up to 10%) or absence of normal human serum or fetal 
calf serum, or purified fibronectin. Cells (105 fibroblasts 
or 4-6  x  10  s epidermal cells) were added in 50  /zl of 
medium and incubated for 90 min in the case of fibro- 
blasts and 180 min in the case of epidermal cells, unless 
otherwise stated.  Nonattached  cells were  removed by 
gently rinsing the dishes with phosphate-buffered saline. 
Although some epidermal cells attach by 180 min, these 
cells take longer to spread on the substrate than fibro- 
blasts,  necessitating gentle  rinsing  of  the  dishes.  At- 
tached cells were removed with 0.1% trypsin and 0.1% 
EDTA in phosphate-buffered saline and counted elec- 
tronically with a  Coulter Counter (Coulter Electronics 
Inc., Hialeah, Fla.). 
Fibronectin 
Fibronectin was prepared from normal human serum 
by absorption to a column of denatured type I collagen 
covalently bound to Sepharose 4B (6, 3). Serum was left 
in  contact  with  the  absorbent  overnight at  4~  The 
column  was  washed  with  several  volumes  of  MEM. 
Fibronectin was  eluted from  the  absorbent with  1  M 
KBr, 0.05 M Tris-HC1,  pH 5.3, dialyzed against MEM 
to  remove  KBr,  and  stored  at  -20~  Fibronectin 
prepared  in  this fashion consisted of a  major  protein 
component with the mobility on SDS gel electrophoresis 
of a protein of ~400,000 daltons. After reduction with 
mercaptoethanol,  the  major  band  had  a  mobility  of 
-200,000 daltons, characteristic of fibronectin (23). 
Electron Microscopy 
Epidermal cell cultures were fixed directly on colla- 
gen-coated culture dishes (or on collagen-coated perma- 
nox cover slips) and processed as previously described 
(25). 
RESULTS 
The  attachment properties  of guinea pig epider- 
mal  cells  differ from  those  of fibroblasts.  Fig.  1 
shows the time course for attachment of epidermal 
cells  and  fibroblasts  to  the  different  types  of 
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FIGURE  1  Time course of attachment of (a) epidermal 
cells and (b) fibroblasts to collagen-coated dishes. Cells 
were plated on 35-ram bacteriological dishes coated with 
10 ttg of collagen (type I, II, III, or IV) in MEM without 
serum. After various times, unattached cells were rinsed 
off and the attached cells were removed by trypsinization 
and  counted  electronically.  Solid  bars  represent  the 
SEM. 
195  RAPID  COMMUNICATIONS sence  of serum.  Replicate  samples  from  two  ex- 
periments  show  that  epidermal  cells  attached 
slowly to the various substrates (Fig.  1 A ). Attach- 
ment reached a  maximum  by 24  h  of incubation, 
at  which  time  attachment  to  type  IV  collagen- 
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FIGURE 2  The effect of normal human serum on the 
attachment of (a) epidermal cells and (b) fibroblasts to 
collagen-coated dishes.  35-ram  bacteriological  dishes 
coated with 10 ~tg of type l, II, Ill, or IV collagen were 
preincubated for  1  h  with  varied  amounts  of  normal 
human serum.  Cells were  added  and  incubated for a 
further 90 min in the case of fibroblasts and 180 min in 
the case of epidermal cells. After incubation, attached 
cells were  removed by trypsinization and counted elec- 
tronically. Each point represents the mean of duplicate 
assays. 
coated dishes was four- to five-fold higher than to 
type  I  collagen.  Little  attachment  was  seen  on 
types II or III collagen or on bacteriological plastic 
alone. A  maximum of 25% of the epidermal cells 
attached to type 1V collagen-coated dishes in any 
of these  experiments.  Fibroblasts,  in  contrast  to 
epidermal  cells,  attached  rapidly  to  all  types  of 
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Effect  of  fibronectin  on  the  attachment  of 
(a) epidermal cells and (b) fibroblasts to collagen-coated 
dishes. 35-mm bacteriological dishes coated with 10 txg 
of types I or IV collagen were preincubated with 1 ml of 
MEM containing varied amounts of fibronectin purified 
by affinity chromatography on type ] collagen-Sepharose 
4B. Cells were added and incubated on the dishes for a 
further 90 min in the case of fibroblasts and 18 h in the 
case of epidermal cells. After incubation, cultured cells 
were removed by trypsinization and counted electroni- 
cally.  Each  point  represents  the  mean  of  duplicate 
assays. 
RAPID  COMMUNICATIONS  199 was maximal by 6 h of incubation (Fig. 1 B). Cells 
attached as well to types II and III collagen as to 
types  I  and  IV  (data  not  shown).  Fibroblasts 
attached  more  slowly  to  bacteriological  plastic, 
although by 18 h the level of attachment to plastic 
was  similar to  that  observed  on  collagen-coated 
dishes.  It  should be  noted that,  in these  attach- 
ment  assays,  there  is  considerable  day  to  day 
variation, although the trends remain constant. 
Fig.  2A  shows  the  effect  of  normal  human 
FIGURE 4  Electron micrograph  of epidermal cells in a  12-d culture grown on type IV collagen-coated 
pcrmanox plastic in MEM supplemented with  10% fetal calf serum. Note the presence of desmosomes 
(d), keratohyaline-like granules (k), and keratin-like filaments (f). Original magnification, x  6,800. 
RAPID COMMUNICATIONS serum on the attachment of epidermal cells in a 3- 
h  incubation experiment.  A  3-h  incubation was 
chosen as the minimum time required for signifi- 
cant  levels of attachment.  By  18  h,  the  serum- 
dependent curves looked similar to those  at 3  h 
but had higher levels of attachment. Serum stim- 
ulated  attachment  at  low concentrations but  in- 
hibited at higher concentrations. Fetal calf serum 
had no effect. The attachment of fibroblasts to the 
four types of collagen was stimulated by serum at 
all concentrations (Fig. 2 B). 
To assess the cells's dependence on fibronectin 
(a serum constituent) for attachment to collagen 
substrates, the collagen-coated dishes were prein- 
cubated with varied amounts of purified fibronec- 
tin. Fig. 3 B  shows that the  attachment of fibro- 
blasts to types I  and IV collagen is enhanced by 
the  addition of fibronectin,  whereas  the  attach- 
ment of epidermal cells is unaffected by the prein- 
cubation of the collagen-coated dishes with fibro- 
nectin (Fig. 3A). 
Fibroblasts  grow  to  confluent  monolayers 
equally well on all types of collagen in the pres- 
ence of 10%  fetal calf serum  (data not shown). 
Epidermal cells plated on type IV collagen-coated 
dishes  formed  clusters  in  the  presence  of  10% 
fetal calf serum and remained viable after 3 wk of 
culture.  In  the  absence  of fetal calf serum,  the 
epidermal cells rounded up and floated free after 
several days. Within  12  d  of culture on  type IV 
collagen, the  clusters of epidermal cells formed 
multilayers  which  assumed  the  appearance  of 
squamous epithelia, exhibiting desmosomes, ker- 
atin-like filaments and keratohyaline-like granules 
(Fig. 4). 
DISCUSSION 
The attachment properties of epidermal cells dif- 
fer from those of fibroblasts, which adhere rapidly 
to  all types of collagen.  Epidermal cells attach 
slowly to collagen substrates and show a marked 
preference  for  attachment  to  type  IV  collagen. 
The attachment of fibroblasts to collagen is stim- 
ulated by normal human serum as well as fetal calf 
serum  and by purified fibronectin, while  attach- 
ment of epidermal cells is stimulated only by low 
concentrations  of  normal  human  serum  but  is 
inhibited by higher concentrations. Purified fibro- 
nectin has no effect on the attachment of epider- 
mal  cells to  collagen substrates;  it  may  be  that 
these ceils synthesize an alternate attachment pro- 
tein, which is specific for type IV collagen. The 
slow rate of adherence of epidermal cells may be 
explained by the necessity of de novo  synthesis of 
such a  protein. In our experiments, only a  small 
proportion of cells attached to the collagen-coated 
dishes (<25%),  which may reflect the small pro- 
portion  of  cells  associated  with  the  basement 
membrane  in  vivo.  Others  have  reported  low 
plating  efficiencies  for  epidermal  cells  in  vitro 
(17). 
In vivo, the basal cells, which represent a small 
proportion of the  cells in  the  epidermis, are  ar- 
ranged  in  close  association  with  the  basement 
membrane, a matrix rich in type IV collagen (24). 
The basal cells divide and ascend in the epidermis, 
forming squamous epithelia. We have shown that, 
after attachment to type 1V collagen substrates in 
vitro, epidermal cells form muitilayered squamous 
epithelia and differentiate in the  presence of se- 
rum.  The  localization  of  certain  cells  to  their 
specific  matrices  may  be  determined  by  their 
ability to  interact  specifically with  the  type  of 
collagen present in the matrix. Such specific col- 
lagen-cell interactions may direct the growth and 
differentiation of cells and the form and function 
of tissues. 
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